Proteus cibarius sp. nov., a swarming bacterium from Jeotgal, a traditional Korean fermented seafood, and emended description of the genus Proteus A novel Proteus-like, Gram-stain-negative, facultatively anaerobic, rod-shaped bacterium, designated strain JS9 T , was isolated from Korean fermented seafood, Jeotgal. Phylogenetic analysis based on the 16S rRNA gene sequence revealed that strain JS9 T belonged to the genus Proteus in the family Enterobacteriaceae. The highest 16S rRNA gene sequence similarity of strain JS9 T was to Proteus vulgaris KCTC 2579 T (98.98 %) and the genomic DNA G+C content is 39.0 mol%. DNA-DNA hybridization values were measured and strain JS9 T showed <20.8 % genomic relatedness with closely-related members of the genus Proteus. The isolate showed bacterial motility and swarming activity similar to those of pathogenic Proteus mirabilis but distinct from those of other species of the genus Proteus. The isolate grows optimally at 30 C, at pH 7, and in the presence of 2 % (w/v) NaCl. The main respiratory quinones are ubiquinone Q-8 and Q-10, and the major cellular fatty acids are C 16 : 0 , summed feature 3 and summed feature 8. The polar lipids comprise phosphatidylglycerol, phosphatidylethanolamine, diphosphatidylglycerol, an unidentified amino lipid, two unidentified amino-phospholipids, and three unidentified lipids. Based on phylogenetic, phenotypic, chemotaxonomic and genotypic analyses, strain JS9 T represents a novel species of the genus Proteus, for which the name Proteus cibarius sp. nov. is proposed. The type strain is JS9 T (=KACC 18404 T =JCM 30699 T ). An emended description of the genus Proteus is also provided.
The genus Proteus of the family Enterobacteriaceae was first introduced in the 1980s (Skerman et al., 1980) and, at the time of writing, comprises four species with validly published names, Proteus vulgaris (Brenner et al., 1995) , P. mirabilis (Skerman et al., 1980) , P. penneri (Hickman et al., 1982) and P. hauseri (O'Hara et al., 2000) . Species of the genus Proteus, especially P. mirabilis, are considered pathogenic species that cause intestinal inflammation and urinary tract diseases such as pyelonephritis, urolithiasis and catheter-associated infection (Armbruster & Mobley, 2012; Seo et al., 2015) . Proteus pathogenicity is closely linked with Proteus virulence factors, such as urease activity, flagella motility, and swarming (Armbruster & Mobley, 2012) . Despite the clinical importance of the genus Proteus, the type strains of the four species of the genus Proteus remain to be further characterized because all these species of the genus Proteus were validated when standards for describing novel taxa had not been systematically established. The present study reports a novel Proteus-like strain from Korean fermented seafood known as 'Jeoneo Jeotgal', which is made with the salt-fermented adductor muscle, stomach and intestine of the dotted gizzard shad Konosirus punctatus and various seasonings, such as dried red pepper powder, garlic and ginger. The novel Proteus-like isolate was designated JS9 T and was subjected to a taxonomic investigation using a polyphasic approach. In addition, we characterized type strains of all species of the genus Proteus and propose an emended description of the genus Proteus.
The seafood 'Jeoneo Jeotgal' was fermented at 15 C for 3 weeks and a specimen was selected for bacterial strain isolation. The specimen was homogenized and serially diluted using sterile PBS, and then inoculated onto nutrient agar (NA; Difco) and incubated at 25 C. Strain JS9 T was isolated from a 10 -3 diluted specimen at 25 C after incubation for 72 h. To obtain a pure colony, the isolate was repeatedly subcultured. The purified isolate was stored at -80 C as a suspension in 40 % (v/v) glycerol-containing nutrient broth (NB; Difco).
To clarify the taxonomic position of strain JS9 T , 16S rRNA gene-based sequence similarity comparisons and phylogenetic tree reconstruction were carried out. The 16S rRNA gene amplicon of strain JS9 T was prepared from genomic DNA by PCR amplification using a universal bacterial 16S rRNA gene-targeted primer pair known as forward 8F and reverse 1492R (Lane, 1991) , and sequenced and analyzed utilizing a 3730xl DNA Analyzer with a BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems). SeqMan 5.0 (DNASTAR) was used to assemble the sequenced fragments. Sequence comparisons with the fulllength sequences of bacterial and archaeal type strains were done using the EzTaxon-e server (Kim et al., 2012) . 16S rRNA gene sequence comparisons revealed that strain JS9 T shared 98.98 % sequence similarity with P. vulgaris KCTC 2579 T , 98.92 % with P. mirabilis KCTC 2566 T , 98.77 % with P. penneri DSM 4544 T , and 98.58 % with P. hauseri DSM 14437 T . Phylogenetic consensus trees were reconstructed to reveal phylogenetic associations between the isolate and closely related species. The sequences of the isolate and its relatives were aligned using CLUSTAL W software (Thompson et al., 1994) and phylogenetic trees were reconstructed from the aligned sequences using the MEGA 6 program (Tamura et al., 2013) applying maximum-parsimony (Fitch, 1972) , neighbour-joining (Saitou & Nei, 1987) and maximum-likelihood (Felsenstein, 1981) algorithms by using 1000 bootstrap replicates to calculate phylogenetic distances between the aligned sequences. The phylogenetic trees demonstrated that strain JS9 T forms a cluster with all members of the genus Proteus (Fig. 1 ). In addition, RNA polymerase b subunit (rpoB) gene sequence-based phylogenetic analysis was conducted for more comprehensive phylogenetic description. The rpoB sequence of strain JS9 T was amplified using primers CM7 and CM31b, according to the method described by Giammanco et al. (2011) . The isolate shared 98.1 % rpoB sequence similarity with P. penneri DSM 4544 T , 96.5 % with P. vulgaris KCTC 2579 T , 93.8 % with P. hauseri DSM 14437 T and 93.4 % with P. mirabilis KCTC 2566 T . In line with 16S rRNA gene-based phylogenetic trees, the rpoB-based phylogenetic trees revealed that the isolate and all members of the genus Proteus form a cluster which was distinct from the genera Providencia and Morganella ( Fig. S1 , available in the online Supplementary Material).
For a more comprehensive and comparative characterization of strain JS9 T , type strains of all species of the genus Proteus were used as reference strains. P. vulgaris KCTC 2579 T and P. mirabilis KCTC 2566 T were obtained from the Korean Collection for Type Cultures (KCTC), and P. penneri DSM 4544 T and P. hauseri DSM 14437 T were obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ).
Phenotypic characteristics, i.e., bacterial growth, morphology and motility, were determined for strain JS9 T based on comparisons with the reference strains. To test bacterial growth, under different conditions, strain JS9 T and the four reference strains, were incubated at different temperatures (4, 10, 15, 20, 25, 30, 37, 40, 45, 55 and 65 C) , different pH (pH 4-11, at intervals of 1.0 pH unit), and different salt concentrations [0, 1, 2, 3, 4, 5, 6, 8, 10, 12 and 15 % (w/v) NaCl] in NB medium. The medium was supplemented with different buffers [10 mM Na 2 HPO 4 (for pH 9-11), 10 mM TAPS (for pH 7-8), and 10 mM MES (for pH 4-6)] to maintain the pH within the tested range. To investigate susceptibilities for three antibiotics (ampicillin, kanamycin and tetracycline), the isolate and reference strains were incubated in NB medium containing various concentrations of antibiotics (10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150 and 200 µg ml À1 ) under optimal conditions. Bacterial growth was determined by measuring the turbidity of the cultures at 600 nm in a spectrophotometer (SYNERGY MX; Bio Tek) according to the method of Hyun et al. (2015) . Oxygen requirement for growth was checked by examining colony formation on NA plates in an anaerobic chamber filled with a N 2 /H 2 /CO 2 atmosphere (90 : 5 : 5, by vol.) at 30 C. Strain JS9 T and the four reference strains commonly grew at 10-37 C, pH 5-9, and in the presence of 0-10 % (w/v) NaCl. However, growth of the isolate was different from that of the reference strains at 12 % and 15 % (w/v) NaCl and pH 10 ( Table 1) . The optimum growth conditions of the isolate and the reference species were 30 C and pH 7, except for P. hauseri DSM 14437 T and P. penneri DSM 4544 T , which showed optimum growth at 25 C and at pH 8, respectively. Strain JS9 T , P. mirabilis KCTC 2566 T and P. penneri DSM 4544 T showed optimum growth in the presence of 2 % (w/v) NaCl, but P. vulgaris KCTC 2579 T and P. hauseri DSM 14437 T showed optimum growth in the presence of 1 % (w/v) NaCl. Anaerobic growth was observed for all tested strains. Strain JS9 T was resistant to 100 µg ml À1 kanamycin, 200 µg ml À1 ampicillin and 30 µg ml À1 tetracycline but not to 100 µg ml À1 kanamycin and 40 µg ml À1 tetracycline. Differences in antibiotics susceptibility among the isolate and reference strains are presented in Table 1 .
Cell morphology, Gram staining and colony appearance were confirmed using cells of strain JS9 T and the four reference strains after growth on NA for 48 h. Gram staining was performed using a Gram staining kit (bioM erieux) and cell morphology was observed under a light microscope (Eclipse 50i; Nikon). Cell motility and bacterial swarming were tested under 0 and 2 % NaCl conditions because salinity can influence bacterial motility. Cell motility was tested on semi-solid NA containing 0.4 % agar according to the method of Tittsler & Sandholzer (1936) . Swarming motility was identified on NA containing 0.7 %, 1.0 %, 1.5 % or 2.0 % (w/v) agar. Flagella were searched for under an energy-filtering transmission electron microscope (LIBRA 120; Zeiss). Cells of strain JS9 T were observed to be Gram-staining-negative and rod-shaped (0.4-0.7 µm wide and 0.5-2.0 µm long). They formed translucent, circular, raised, white colonies with an entire margin (0.8-1.1 mm diameter on NA after 2 days). Strain JS9 T , P. mirabilis KCTC 2566 T and P. hauseri DSM 14437 T had a motile phenotype, but P. vulgaris KCTC 2579 T and P. penneri DSM 4544 T had a non-motile phenotype. Strain JS9 T showed a dendrite pattern of swarming on 0.7 % and 1.0 % agar plates in the absence of salinity. In the presence of 2 % NaCl, the isolate showed a bull's eye pattern of swarming under all tested agar concentrations. P. mirabilis KCTC 2566 T and P. hauseri DSM 14437 T also showed swarming motility, with P. mirabilis KCTC 2566 T showing similar swarming activity to that of the novel isolate, while P. hauseri DSM 14437 T had a swarming activity distinct from that of the isolate (Figs. S2 and S3). Swarming motility was not observed for P. vulgaris KCTC 2579 T or P. penneri DSM 4544 T . Flagella were detected in strain JS9 T , P. mirabilis KCTC 2566 T and P. hauseri DSM 14437 T , but not in P. vulgaris KCTC 2579 T or P. penneri DSM 4544 T (Fig. S4 ).
Acid production from various carbohydrates, utilization of sole carbon sources and enzyme activities of strain JS9 T were compared with those of reference strains to identify distinguishing biochemical characteristics. The biochemical tests were performed using the biomasses of strain JS9 T and the reference strains obtained after incubation for 48 h on NA under optimum growth conditions. Oxidase and catalase activities were tested according to the method of Hyun et al. (2014) . Enzyme activities were tested using API 20NE and API ZYM kits (bioM erieux). Acid production from individual carbohydrates was determined using API 50 test strips (bioM erieux) with 50 CHB/E medium. Sole carbon source utilization was ascertained using GN2 MicroPlates (Biolog) with GN/GP inoculating fluid (Biolog). All inoculating fluids used for the API and Biolog tests were adjusted to 2 % (w/v) NaCl. Strain JS9 T and the type strains of all species of the genus Proteus were found to be catalase-positive and oxidase-negative. The isolate could be distinguished from other species of the genus Proteus by its enzyme activities, utilization of various carbon sources, and acid production from various carbohydrates. The differential and shared biochemical characteristics of all tested strains are shown in Table 1 and Table S1 , respectively.
Isoprenoid quinones, polar lipid composition and cellular fatty acid profiles were determined to identify distinguishing chemotaxonomic features. Chemotaxonomic characteristics were determined using the bacterial masses of strain JS9 T and reference strains obtained after cultivation for 48 h on NA under optimum growth conditions. Cellular fatty acids preparation, i.e., saponification, methylation and extraction were achieved by following the method of the Sherlock Microbial Identification System (MIDI, 1999) . Fatty acids profiles were analyzed by using a combination of gas chromatography (6890 gas chromatograph; Agilent) and Microbial Identification software (Sherlock version 6.2) with the TSBA6 database (Sasser, 1990) . The isolate contained C 16 : 0 (28.2 %), summed feature 3 (C 16 : 1 !7c and/or Table 1 . Differences in the phenotypic characteristics of strain JS9 T and type strains of all species of Proteus Strains: 1, JS9 T ; 2, P. vulgaris KCTC 2579 T ; 3, P. mirabilis KCTC 2566 T ; 4, P. penneri DSM 4544 T ; 5, P. hauseri DSM 14437 T . All data are from this study. All strains grew at a temperature range of 10-37 C. +, Positive or weakly positive; -, negative. Table 2 . Isoprenoid quinone extraction was performed following the protocol of Collins & Jones (1981a) . The quinone extract was purified by one-dimensional thin layer chromatography (TLC) on a silica gel 60 F 254 plate (Merck). The compositions of purified quinone extracts were analyzed by high-performance liquid chromatography (Collins & Jones, 1981b ) with a reverse-phase Hydrosphere C18 (150Â2.0 mm) column and liquid chromatography (Ultimate 3000; Dionex) with an electrospray ionization probe (HCT; Bruker) equipped with an ion trap mass spectrometer, following the protocol of Kaiser et al. (2012) . The respiratory quinones in strain JS9 T and the type strains of all species of the genus Proteus were ubiquinone-8 (Q-8) and ubiquinone-8 (Q-10). The isolate contained Q-8 and Q-10 at a ratio of 65 to 35. All tested strains commonly contained Q-8 and Q-10 as major quioones, but the compositions were quantitatively different (Table 1) . Polar lipid extraction from the isolate and the reference strains was performed according to the protocol of Xin et al. (2000) , and the lipids were subjected to two-dimensional TLC on a silica gel 60 F 254 plate (Merck). Two solvents were used for separation: chloroform/methanol/water (65 : 25 : 4, by vol.) for the first dimension and chloroform/methanol/acetic acid/water (80 : 12 : 15 : 4, by vol.) for the second dimension. Four spray reagents were used to detect the polar lipids (Tindall, 1990) : 5 % ethanolic molybdatophosphoric acid for total lipids, ninhydrin for amino-group containing lipids, Zinzadze's reagent for phospholipids, and a-naphthol for glycolipids. The phospholipids were identified by one-dimensional TLC on a silica gel 60 F 254 plate (Merck) with chloroform/methanol/acetic acid/water (50 : 6 : 6 : 1, by vol.) using four standard compounds (SIGMA) : phosphatidylcholine, phosphatidylglycerol (PG), phosphatidylethanolamine (PE) and diphosphatidylglycerol (DPG). Strain JS9 T contained DPG, PE, PG, an unidentified amino lipid (AL1), two unidentified amino-phospholipids (AP1-2), and three unidentified lipids (L1-3) (Fig. S5 ).
DNA-DNA hybridizations with the DNA of relevant strains and DNA G+C contents were characterized. Genomic DNA was extracted from all tested strains described by Rochelle et al. (1992) . The fluorimetric method was used to determine the DNA G+C content of strain JS9 T using the CFX96Real-Time PCR Detection System (Bio-Rad Laboratories) with SYBR Gold I (Invitrogen) (Gonzalez & Saiz-Jimenez, 2002) . Genomic DNA extracts from Escherichia coli K12, Bacteroides thetaiotaomicron VPI-5482 T , Bacteroides fragilis NCTC 9343 T and Ruegeria pomeroyi DSS-3 T , whose genomes have been completely sequenced, were used for calibration in the analysis. The DNA G+C content of strain JS9 T was 39.0 mol%, which is within the known range for members of the genus Proteus (37.9-39.0 mol%). To make clear the genetic associations between strain JS9 T and type strains of all species of the genus Proteus, genomeprobing microarray-based DNA-DNA hybridization was performed (Bae et al., 2005; Chang et al., 2008) . The signalto-noise ratios of the genomic probes were used to calculate DNA-DNA relatedness values (Loy et al., 2005) . DNA-DNA relatedness between strain JS9 T and P. vulgaris KCTC 2579 T , P. mirabilis KCTC 2566 T , P. penneri DSM 4544 T and P. hauseri DSM 14437 T was 20.8 ± 1.1 % (reciprocal 17.6 ± 0.2 %), 6.1 ± 0.2 % (reciprocal 12.8 ± 1.4 %), 7.5 ± 0.4 % (reciprocal 8.3 ± 1.4 %), and 6.4±0.1 % (reciprocal 5.3 ± 0.5 %), respectively (Table S2 ). These results reveal that strain JS9 T is a genomic species distinct from other species of the genus Proteus (Wayne et al., 1987) . , 2000) . Biogroup 1 is characterized by negative reactions for both indole production and aesculin hydrolysis, biogroup 2 is characterized by positive reactions for these two criteria, and biogroup 3 is characterized as being positive for indole production but negative for aesculin hydrolysis. Strain JS9 T was positive for indole production and negative for aesculin hydrolysis, which is a major characteristic of biogroup 3. P. hauseri DSM 14437 T showed the same feature as the isolate, but P. vulgaris KCTC 2579 T (biogroup 2), P. mirabilis KCTC 2566 T (biogroup 1) and P. penneri DSM 4544 T (biogroup 1) showed distinct features.
Taken together, our results reveal that strain JS9 T represents a novel species of the genus Proteus, for which the name Proteus cibarius sp. nov. is proposed. An emended description of the genus Proteus is also provided.
Emended description of the genus Proteus
The description of the genus Proteus is as given previously by O'Hara et al. (2000) , but with the following amendments. Cells are facultatively anaerobic. Growth occurs at 10-37 C, at pH 5-9, and with 0-10 % (w/v) NaCl. Growth at pH 10 and in 10-15 % (w/v) NaCl differs between species or strains. Optimal growth occurs at 25-30 C, at pH 7-8, and with 1-2 % (w/v) NaCl. Cells are catalase-positive and oxidase-negative. The major fatty acids are C 16 : 0 , summed feature 3 (C 16 : 1 !7c and/or C 16 : 1 !6c) and summed feature 8 (C 18 : 1 !7c and/or C 18 : 1 !6c). The main isoprenoid quinones are Q-8 and Q-10. The major polar lipids are PG, PE, DPG, an unidentified amino lipid, and two unidentified amino-phospholipids. Unidentified lipids also occur.
Description of Proteus cibarius sp. nov.
Proteus cibarius (ci.ba¢ri.us. L. masc. adj. cibarius pertaining to food).
Cells are Gram-stain-negative, facultatively anaerobic, motile with peritrichous flagella, and rod-shaped (0.4-0.7 µmÂ0.5-2.0 µm). Colonies are translucent, circular, raised, white with an entire margin, and a diameter of 0.8-1.1 mm after 2 days on NA at 30 C. Growth occurs at 10-37 C (optimum 30 C), at pH 5-10 (optimum pH 7), and with 0-12 % (w/v) NaCl (optimum 2 %). Positive for catalase, a-glucosidase, alkaline phosphatase, protease, leucine arylamidase, acid phosphatase, valine arylamidase, naphthol-AS-BI-phosphohydrolase and trypsin activities. Acid is produced from 2-ketogluconate, methyl a-D-glucoside, sucrose, D-melezitose, glycerol, maltose, D-arabinose, trehalose, D-ribose, D-glucose, D-xylose, turanose, D-galactose, Dfructose, N-acetylglucosamine and gluconate. Utilizes Larabinose, formic acid, maltose, L-ornithine, D-mannose, Lhistidine, hydroxy-L-proline, dextrin, glycogen, g-hydroxybutyric acid, N-acetyl-D-galactosamine, cellobiose, N-acetyl-D-glucosamine, pyruvic acid methyl ester, sucrose, D-galactose, turanose, D-fructose, succinic acid monomethyl ester, a-D-glucose, D-gluconic acid, acetic acid, a-hydroxybutyric acid, a-ketoglutaric acid, a-ketobutyric acid, DL-lactic acid, bromosuccinic acid, succinic acid, succinamic acid, D-alanine, L-alaninamide, L-alanine, L-asparagine, L-alanylglycine, L-aspartic acid, glycyl-L-aspartic acid, L-glutamic acid, glycyl-L-glutamic acid, L-phenylalanine, L-leucine, L-pyroglutamic acid, L-proline, D-serine, L-threonine, L-serine, DL-a-glycerol phosphate, thymidine, uridine, glycerol, D-glucose 6-phosphate and inosine. The polar lipids comprise PG, PE, DPG, an unidentified amino lipid, two unidentified amino-phospholipids and three unidentified lipids. The main isoprenoid quinones are Q-8 and Q-10. The major fatty acids are C 16 : 0 , summed feature 3 (C 16 : 1 !7c and/or C 16 : 1 !6c) and summed feature 8 (C 18 : 1 !7c and/or C 18 : 1 !6c).
The type strain JS9 T (=KACC 18404 T =JCM 30699 T ) was isolated from Jeotgal, a traditional Korean fermented seafood. The DNA G+C content of the type strain is 39.0 mol%.
